Neuronal cell cultures now represent well-characterized systems with which acute and chronic toxicologic effects of a variety of agents can be evaluated. Extensive synapse formation occurs over a period of days and weeks in these cell cultures and can be assayed semiquantitatively by morphological and electrophysiological means. Detailed morphophysiologic correlations can be made using a technique for injecting an intracellular marker protein, horseradish peroxidase. A variety of neurochemical indices of development, such as transmitter-related enzyme levels, can also be conveniently determined. The developing neuron and its synaptic connections are important objects of investigation since they may be particularly vulnerable to pathogenic materials. Examples of the effects of acute (opiate) and chronic (inhibitory amino acid) treatments on synaptic function are given.
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One approach to the evaluation of the impact on the nervous system of various toxicologic agents would be to apply these agents directly to central neurons in culture and to assess their effect on a variety of important neurobiologic parameters. In this review I describe a tissue culture preparation from the mammalian central nervous system and to give some indications of the quantitative measurements of neuronal function that can be used to evaluate effects of the substances being evaluated.
Information transfer in the nervous system takes place at the specialized contacts between neurons called synapses. We have been interested in cellular and molecular aspects of synapse formation between neurons of the central nervous system. For studies in this area it was important to have preparations that are as accessible and experimentally manipulable as possible. Obviously, however, one of the requirements of the preparations is that they exhibit synaptic function, and moreover that they develop synaptic function during a period in which we have some degree of control over their environment, since we are interested both in mechanisms of synaptic function and the process of development of those synapses.
The preparation we have employed is the mouse spinal cord in cell cultures (1, 2 fetal material in which the neurons are immature and synapse formation is extremely primitive or nonexistent. Histologic sections of such material, a 13-day-old mouse spinal cord, are shown in Figure  la at relatively low power. The dorsal root ganglion, the dorsal horn and the ventral horn are shown. The cells are relatively undifferentiated, (Fig. lb) and at this stage very little synapse formation has taken place, in contrast to the mature mouse spinal cord where the white matter and gray matter are clearly demarcated, and large neuronal cells can be clearly differentiated from the neuropil (Fig. lc-e) . The relatively primitive fetal structure is taken out, minced very finely and dissociated by a variety of procedures in order to obtain a single cell suspension. When this cell suspension is plated onto plastic tissue culture dishes, the cells do not look much like neurons at all; but over a period of two or three weeks they develop into larger cells with very long processes and a clearly neuronal morphology. .4";
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Environmental Health Perspectives in immediate contact with the culture medium although the spinal cord cells are substantially encrusted with synaptic contacts while the DRG cells are free of such contacts. In order to study these neurons electrophysiologically, the tissue culture dishes are put on the stage of an inverted microscope so that multiple microelectrodes can be introduced under direct vision to record intracellularly from the cells and to apply neuroactive materials to the cells iontophoretically. The neurons are as expected, electrically excitable, and there are somewhat subtle, but nonetheless diagnostic electrophysiologic differences between spinal cord (SC) and dorsal root ganglion (DRG) cells in addition to the morphologic differences (3, 4) . The dorsal root ganglion cell's action potential has a calcium component, and both calcium and sodium ions flow across the membrane during the action potential. One can partially block the DRG cell spike by low sodium or tetrodotoxin containing solutions, but some spike activity persists in such solutions, and in the presence of an increased calcium ion concentration fairly normal looking action potentials occur. Action potentials in SC cells, however, are completely blocked by tetrodotoxin and are due essentially completely to a sodium mechanism.
The cell cultures are characterized by a high degree of synaptic interactions between the constituent neurons (5, 6) . Combined anatomical and electrophysiological methods allow analysis of the synaptic connections in some detail. Pairs of neurons can be impaled with intracellular microelectrodes, and, in a substantial proportion of contiguous pairs of neurons, action potentials elicited in one neuron produce synaptic potentials in the other. Impaled neurons can be injected with a marker, horseradish peroxidase (HRP), which serves to display the full anatomical extent of the nerve cell and to allow discrimination at the electron microscopic level of all the synaptic boutons of the injected cell (7) (Fig. 4) . Thus correlation between the physiological and pharmacological character of a given synaptic connection (excitatory, glycinergic inhibitory, GABAergic inhibitory) and light and electron microscopic structural features is feasible. In order to obtain a more quantitative assessment of synaptic activity in these cultures one can use a statistical approach. The nature of synaptic transmission has been much explicated by studies at the neuromuscular junction; in this and essentially every other place that has been examined carefully the basic nature of chemically mediated synaptic transmission is quantal. That is, there are least units of synaptic activity that can be identified which are probably related to the discharge of a single synaptic vesicle, and evoked activity such as that shown in Figure 5 is composed of a number of these quanta being released at the same time as a result of a presynaptic action potential. We wanted to be able to describe central synaptic action in these terms, and to quantify it in terms of mean quantal size (q) and the mean quantal number m involved in any postsynaptic potential.
This sort of quantitation has involved computer analysis of the amplitudes of a long series (several hundred) of serially elicited postsynaptic potentials (PSPs). From the variance and mean amplitude of such a series of synaptic events the q and m values can be determined. Typically, the size of the unitary synaptic event is some 200 ,uV (6) . When we correlate the number of quanta released by a presynaptic action potential with the number of boutons involved in the synaptic contact, it appears that each bouton releases, on the average, about one quantum or vesicle for each presynaptic action potential (7) .
An experiment dealing with the mechanism of action of opiates illustrate the utility of this quantal analysis of central synaptic action (8) The values for quantal size q in microvolts and quantal content m were calculated by using the variance method (7) and were corrected for nonlinear summation of the EPSPs and for system noise (assuming an rms noise level of 300 ,uV). The results demonstrate presynaptic inhibition of transmitter release (decrease in m) with minimal postsynaptic effect (no change in q), an effect which was largely naloxone reversible.
The ordinate scale represents 10 responses per division. From Macdonald and Nelson (8) .
tophoretic application of etorphine, and under the combined effect of etorphine and the specific opiate antagonist, naloxone. Quantal size and quantal number were derived from these data as shown in Figures 5 and 6 . The data showed that the opiate had essentially no effect on quantal size but substantially reduced the average number of quanta involved in each PSP. The opiate effect was reversed by naloxone. The size of the quantal synaptic event is determined largely by postsynaptic factors, or at least a change in postsynaptic sensitivity would be reflected in a change in quantal size. The quantal number on the other hand is determined primarily by the presynaptic release mechanism. The results therefore argue for a presynaptic locus of action for opiates as far as the DRG-SC synaptic linkage is concerned.
A number of such acute neuropharmacological studies are feasible with the cell culture system, but in some ways the cultures lend themselves most naturally to more chronic long term studies. We typically maintain the cultures for 6-8 weeks before using them for physiological or anatomical studies and they survive quite well up to 4 months. Direct exposure of the neuronal surface to any agent for long periods is easy to arrange. What are the assays of neural function that can be used as indices of the action of any test material? A study we have done on inhibitory synapse formation illustrates some of these points (9 
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Environmental Health Perspectives wanted to determine the effect of the long-term action of inhibitory amino acids on neural function and development and to this end raised sister control cultures, cultures grown in glycine, and cultures grown in y-aminobutyric acid (GABA). Our assay was electrophysiologic and consisted of recording from many cells and counting the incidence of cells in which excitatory post-synaptic potentials (EPSPs), inhibitory post-synaptic potentials (IPSPs), or bursts of spike and synaptic activity could be documented. The changes in the pattern of activity produced by chronic glycine treatment are shown in Figure 7 . Rather than the more or less continuous asynchronous activity characteristic of normal culture activity, bursts of paroxysmal depolarizing synaptic activity with high frequency action potentials were commonly seen in cultures raised in the presence of glycine. These bursts were separated by periods of nearly total quiescence. Cultures raised in the presence of GABA, on the other hand, were generally very quiet. In only a very small percentage of the sampled cells raised in glycine did we see any evidence of inhibitory synaptic activity. We think it likely that this paucity of synaptic inhibition was responsible for the bursty, paroxysmal character of the ongoing neuroelectric activity seen in those cultures. Both the deficit in inhibitory synaptic and the paroxysmal spontaneous activity persisted for at least 6 hr after the glycine-raised cultures were changed to normal medium. Within 48 hr of such a change, however, the physiologic picture was normal. More detailed studies of synaptic physiology could be done in such long term experiments as well as anatomical or biochemical studies (such as transmitter related enzyme levels) (10, 11) . A profile of neurobiologic development can be generated to capture best the features of relevance to the problem under consideration.
This presentation has focussed on essentially one preparation with which we have had a good deal of experience. A number of other neuronal cell culture systems are available, each of which has distinctive properties and advantages. An example of a simpler synaptic system is shown in Figure 8 . This consists of a presynaptic neuron and a postsynaptic muscle cell each of which belongs to a cloned line of cells (12) . The cells in these clones divide continually when passaged and large amounts of material can be generated. A variety of methods are available to produce cessation of mitosis and the expression of a number of differentiated neurobiologic properties, including synapse formation (12, 13) . In addition, the field of explant cultures is one with a great deal of promise for toxicologic work (14) . The literature dealing with this variety of preparations should be consulted for further details (15, 16) .
